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ABSTRACT 
Driving reactions by using a sustainable, green and eco-friendly process is a 
great challenge for modern chemical industry. This Master thesis is focusing on 
the supported noble nanostructures which can work as photocatalysts utilising 
visible light.  
Each year, the Earth receives about 3 ×10
24
 joules of energy from the Sun, 
which is far more than the global energy consumption. The conventional 
semiconductor photocatalysts such as TiO2 can only use ultraviolet (UV) 
irradiation, due to the large band gap structure, which accounts for about 4 % of 
the solar energy. In order to utilize the full spectrum of solar energy for driving 
reactions for synthesis of fine organic chemicals, new photocatalysts that absorb 
light in a different mechanism need to be developed. As catalysts, both gold and 
palladium have unique properties that can facilitate many reactions. To combine 
the advantages of both Au and Pd, Au-Pd alloy nanoparticals (NPs) are 
designed and synthesized. The new alloy catalyst shows a favorable activity and 
high selectivity to benzylamine oxidation reaction under light irradiation and 
moderate temperature. For example, the best conversion rate achieved thermally 
at 45°C is 36% on Au:Pd ratio of 1:1.86, while under light illumination the yield 
increases to 95% under the same temperature conditions. The conversion rate 
can be enhanced by strengthening light irradiation intensity and increasing the 
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reaction temperature. The Localized Surface Plasmon Resonance (LSPR) effect 
of gold in alloy system is the cause that makes the alloy NPs utilize the light 
irradiation energy and highly enhances the reaction efficiency. Furthermore, the 
unique structure of alloy generates a charge heterogeneity which enhances the 
interaction of reactant molecules and the alloy surface. The charge 
heterogeneity can be altered by changing the molar ration of Au and Pd metal. 
Silver halides (AgX, X = Cl, Br, I) are widely used as photosensitive materials 
in photographic films.  During the photographic process, silver halides absorb 
photons and release electrons which will combine with mobile interstitial silver 
ions that leads to a separation of silver atoms. These properties demonstrate that 
silver halides are unstable under light irradiation and inappropriate for 
photocatalysts. Therefore, Ag2O and AgI were found stabilized after partial 
decomposition to Ag which may have a possibility of being a new kind of 
photocatalyst. Ag2O and AgI are semiconductors with a narrow band gap (Eg = 
2.8 eV and 1.2 eV), which can absorb visible light to facilitate reactions. For 
example, AgI supported by TiO2 can achieve a 95% conversion rate with more 
than 95% selectivity on selective oxidation of benzylamine to imine under light 
irradiation and mild conditions. The conversion rate and selectivity can be 
altered by different amounts of loaded AgI. Moreover, the Ag2O supported by 
TiO2 also shows activity for the same reaction but the conversion is poor. When 
under the light irradiation, AgI NPs on TiO2 will form a small amount of 
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metallic Ag and become a self-stabilization system among the AgI-Ag-TiO2, 
which gives the catalyst a good reusability. The metallic Ag can also assist the 
reaction by its LSPR effect and enhanced light absorption, which is another 
activity source of the catalysts.  
KEYWORDS 
Photocatalyst, Gold, Palladium, Benzylamine, Imine, Localized 
Surface Plasmon Resonance, Silver Iodide, Silver Oxide, Visible 
Light, Titanium Oxide. 
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Chapter 1 
Literature Review 
Primarily, this research will focus on the synthesis, characterization and modification of 
photocatalysts and apply them in the synthesis of fine chemicals. As a major concern in 
synthesis of fine chemicals, the conversion rate, selectivity and reaction condition are 
intensively studied. The aim of the first project presented in chapter 2 is to synthesis imine by 
using Au-Pd alloy NPs under visible light and moderate conditions. Therefore, a new noble 
metal photocatalyst with the capability to efficiently utilize visible light, high conversion 
rates, good selectivity, easy catalyst recovery, and excellent reusability is to be developed. As 
above mentioned, noble metal photocatalysts are well recognized for possessing properties 
like thermal sensitivity; extensive catalysis capability, organic affinity and high capability to 
efficiently utilize visible light. However, the high cost of using these catalysts is one 
industrial problem. To lower the cost, a semiconductor photocatalyst for a specific reaction 
was developed in chapter 3. Photocatalyst of AgI on TiO2 is synthesised for benzylamine 
selective formation of imine by using visible light under moderate conditions, which is much 
cheaper and has a high conversion rate and good selectivity on this reaction either. Therefore, 
the first chapter Literature Review will focus on the photocatalysis, noble metal catalysts and 
silver halides and their related reactions. 
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1. Introduction to Photocatalysis under Visible Light Irradiation 
Nowadays, the steadily increasing energy consumption caused by the developing industries 
and the rising population mainly rely on non-renewable sources such as burning of fossil fuel, 
which leads to greenhouse effect and air pollution. It is known that the main source of energy 
on Earth is solar irradiation which is a long lasting, sustainable, abundant and green resource. 
The energy that the Earth receives from the Sun is about 3 ×10
24
 joules a year, which is 
nearly 10,000 times more than the global energy consumption 
1
. To utilize this energy on 
chemical production and synthesis, which is an energy intensive industry, can partially solve 
the problem of worldwide energy shortage and environmental concerns. 
1.1 Introductions to Photocatalysis 
From early 20
th
 century, many scientists began to focus on irradiation reactions which were 
considered a new way for catalysing reactions to promote efficiency. Giacomo Ciamician is 
the first scientist (1900 to1920) who systematically investigated the chemical effect of light 
and defined some “photochemical”  reactions which were accelerated by light compared with 
thermal reactions 
2
. Fujishima and Honda reported a photocatalytic process that used TiO2 
e1ectrodes to generate hydrogen from water in 1972. This was the first photocatalyst suitable 
for water splitting and the discovery unfolds a new era of modern heterogeneous 
photocatalysis 
3
.  Other photocatalysis process such as water treatment and air purification are 
also extensively investigated for removal of pollutants. Moreover, organic synthesis, selective 
oxidation and reduction process driven by light irradiation have attracted growing interest of 
many researchers in recent years. The advantages of the reactions driven by light irradiation 
include 
4
:  
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1. Free, clean and renewable solar energy can be used as a driving force for 
chemical reactions. 
2. The photocatalytic organic reactions, in which O2 usually involved, offer a 
possible capability of finishing a chemical process in a sustainable and eco-
friendly way. 
3. Compared with the thermal activation, photochemical excitation can be 
conducted under a moderate temperature and pressure. 
4. The mild condition of photochemical reactions can minimize by-products and 
produce high-purity products in organic synthesis. 
1.2 Semiconductor Photocatalyst Materials 
Semiconductor solids such as TiO2, ZnO2, CdS etc. as photocatalysts, have been extensively 
studied. These solids have special electronic and optical properties which are determined by 
the band structure. Solids with different band widths give distinct properties and they are 
classified as: metals, semiconductors and insulators as shown in Figure 1. 
 
Figure 1. A comparison between the band gaps of metals, insulators and semiconductors. 
[http://en.wikibooks.org/wiki/Semiconductors/What_is_a_Semiconductor] 
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When the band gap is overlapped, solids behave like metal (conductor) and regardless of 
temperature. Between the band gaps, higher band is called conduction band because only 
when electrons are excited to the conduction band is the solid electric conductive. The lower 
band is called the valence band by analogy with the valence electrons of individual atoms. 
Both insulators and semiconductors have a band gap between the conduction band and the 
valence band. The difference is that the band gap in insulators is much larger and this is 
called forbidden band gap where it is difficult to excite electrons from their valence band to 
their conduction band. The present theory of the excitation of the electrons in valence band to 
conduction band is mainly due to thermal energy. Therefore, conductivity of semiconductors 
is strongly dependent on the temperature of the material. For the photocatalysis reaction on 
semiconductors, the absorbed irradiation functions as thermal energy and excites the 
electrons from valence band to conduction band. Therefore, the width of band gap is one of 
the most important properties which strongly influence the electrical and optical properties of 
the material. Broader band gap needs more energy to excite the electrons which means only 
the irradiation carrying higher energy such as ultraviolet light and microwave can be used for 
the energy source during the reaction process.  The irradiation with lower energy, visible light 
and infrared for example, can only drive catalysts with narrow band gap. These differences 
are shown in Figure 2. 
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Figure 2. Different band gap and their light adsorption. 
As previously mentioned, in 1972, Fujishima and Honda discovered the photocatalytic 
splitting of water on TiO2 electrodes, after which the TiO2 was widely studied as a 
photocatalyst. When the energy of incident light is larger than the band gap, electron will be 
excited from the valence band to the conduction band and leave a positive charge, so-called a 
“hole”, at the valence band which can obtain electrons 5. Most of the separated electrons and 
holes recombine to release energy in the heat form; only a few can reach the surface and have 
the capacity to drive the reaction. To enhance the photocatalysis, electron-hole pair 
recombination must be restricted. This can be achieved by trapping a photogenerated electron, 
a photogenerated hole or both of them. This process is shown in Figure 3. 
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Figure 3. Photocatalytic reactions occurring on photoactivated TiO2 particle 
5
. 
To utilize solar energy, the band gap of a semiconductor should be neither too large nor too 
narrow. An energies diagram for various common semiconductors in aqueous electrolytes at 
pH=1 is shown in Figure 4 
6
. 
The large band gap (3.0-3.2 eV) structure of the conventional semiconductor photocatalyst 
TiO2 is restrictive so that it can only absorb ultraviolet (UV) 
6, 7
 which only accounts for 4% 
of the solar energy while visible light (wavelength 400-700 nm) constitutes around 43% of 
the total amount 
8
. Therefore, the study on novel photocatalysts that can facilitate reactions 
under visible light is one of the best ways to enhance the activities and broaden the energy 
source. In order to utilize visible light on semiconductor catalysts, various modifications have 
been made to adjust the band gap structure properties such as doping metal ions or metal 
atom clusters with TiO2 solid 
6, 7, 9
, incorporating nitrogen 
10
 and carbon 
11
 into TiO2, and 
employing other metal or metal oxides as catalyst materials 
7, 8, 12
.  
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Figure 4. Energies diagrams for various semiconductors in aqueous electrolytes at pH = 1 
6
.  
1.3 Noble Metal Photocatalysts 
Due to the structural properties of the semiconductor catalysts, a series of drawbacks that 
may limit the performance of these catalysts such as low efficiency of utilizing the full range 
of solar light spectrum and the combination of separated electrons and holes lowers the 
quantum efficiency. Due to these restrictions, scientists are trying to find new photocatalysts 
from materials other than semiconductors, which have improved the light absorption capacity 
and photon efficiency. Metals as catalysts have been widely used for many years. Recently, 
gold nanoparticles (NPs) loaded on ZrO2 and SiO2 supports have been reported by Zhu et al 
that  have a significant activity for oxidation of formaldehyde and methanol in air at room 
temperature under visible light 
13
. Similar reaction properties appear in degradation of the 
synthetic dyes, such as sulfurhodamine-B (SRB), in water. The reaction proceeding on gold 
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or silver NPs supported ZrO2, SiO2 and zeolite Y by illumination with UV light and visible 
light 
14, 15
. The supporters of this research, ZrO2, SiO2 and zeolite Y for example, have a large 
band gap which is above 5.0 eV 
16
, Meanwhile, the photon energy of visible light is less than 
3.0 eV. Hence, electrons from the valence band of the supports cannot be excited to their 
conduction band by visible light and there is no activity contribution from these supports. The 
active centre of these catalysts is the NPs of gold and silver which can absorb visible light via 
the Localized Surface Plasmon Resonance (LSPR) effect and drive the reactions 
17-19
. The 
LSPR is a collective oscillation of electrons in NPs when they resonate with the 
electromagnetic field of the incident light with certain natural frequency 
20
. This process can 
help the NPs' conduction electrons to gain energy from certain wavelength of irradiation and 
result in high energy electrons at the surface, which are capable of activating molecules on 
the NPs for chemical reactions. The advantage of this principle is that the gained energy from 
light irradiation is at the surface of the NPs and can interact with reactant molecules 
efficiently and avoid energy loss caused by the electron transmitting or transferring. Applying 
this effect, the reaction can be designed to use light instead of heat to proceed at high 
efficiency and at moderate temperature 
13, 14, 21 
. Furthermore, these NPs can also absorb UV 
light due to inter-band electron transitions (from 5d to 6sp) 
22, 23
 and provide extra energy for 
the reactions. 
1.3.1 Plasmon Absorption of Noble Metal Nanoparticles 
The LSPR is a collective oscillation of electrons in NPs when they resonate with the 
electromagnetic field of the incident light with certain natural frequency 
20
 as shown in Figure 
5 
24
.  
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Figure 5. The Localized Surface Plasmon Resonance (LSPR) effect 
24
. 
Mie was the first to explain the different colours of gold nanoparticle solutions through 
Maxwell’s equation at year 1908. In Mie’s theory, when the nanoparticles are much smaller 
than the wavelength of incident light, only electric dipole term is significant 
25, 26
: 
 
Where V is the particle volume,  is the angular frequency of the exciting light, c is the speed 
of light, m and () = 1() + i2() are the dielectric functions of the surrounding medium 
and the material itself respectively. When condition 1() = -2m is fulfilled, the energy from 
irradiation absorption by the bulk metal is condensed into a single, surface plasmon band. 
For a metal nanosphere with a radius that is much smaller than the wavelength of light, the 
metal polarizability can also be given by the following equation, edited from 
27
: 
α = (a/r)gd
3
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With gd = (εi – ε0)/(εi + 2ε0) 
Where α is the radius, r is the distance between molecular and the centre of nanosphere, εi is 
dielectric constant of the metal nanoparticles and ε0 is the dielectric constant of the 
surrounding medium. A strong resonance occurs when εi = -2ε0. Noble metals such as gold 
and silver can fit this equation. 
Although many metal particles show a well-defined plasmon absorption, only silver, gold and 
copper have a absorption in the visible region (around 400 nm and 520 nm for spherical 
nanoparticles of Ag and Au, respectively), whereas the plasmon frequency of many metals 
such as Pb, In, Hg, Sn, and Cd lies in the UV part of the spectrum 
17-19, 28
.  
1.3.2 Light Absorption of Different Nanostructures  
The LSPR strength may be influenced by the dielectric constants of both the metal and the 
surrounding material, the particle size and particle shape of the metal and the surrounding 
environment.  The point effect is well known in macroscopic system, which is also applied to 
the nanoscale. Noble metal nanomaterials with thorny structures, edges and concave 
curvatures, such as nanowires, cubes, triangular plates and N-P junctions, have different 
absorption spectra from each other 
29
. When the shape of the NPs changes, electric field 
density appears on the NP surface will shift and change the oscillation frequency of the 
electrons which may cause enhancement of the local electromagnetic fields 
27
. Figure 6 
shows that when the gold nanoparticles change with various sizes and shapes the optical 
property of nanomaterials alters, especially in the absorption of gold nanosphere and 
nanorods.  
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Figure 6. Gold nanoparticles – light absorption of various sizes and shapes 19. 
The LSPR effect also strongly depends on the diameter of the particles  
23
. Take gold NPs for 
example: in the particles diameter range between 5 nm and 10 nm, the strength of surface 
plasmon drops with the decrease of the particle diameter which is due to the increase of the 
frequency of electron scattering at a particle boundary in the electronic excited state. When 
the particle diameter is smaller than 3 nm, the surface plasmon peak nearly disappears. This 
may be caused by the number of the conduction electrons that reduces a result of the 
quantum-size effects. This study is shown in Figure 7. As the particles grow bigger, the 
absorption band broadens and covers the visible range  
30, 31
. 
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Figure 7. Absorption spectra of gold nanoparticles with different average diameters 
23
. 
The SPR absorption of metal nanoparticles is also sensitive to the surrounding environment, 
such as solvent and surfactant molecules 
17
. There are two major effects of solvent, which are 
the change of refractive index of the gold nanoparticle surroundings and the surface complex 
formed by solvent and the gold surface. If in the reaction, that the solvent does not have any 
activity with the reactant and has no chemical interactions with the gold surface, the 
refractive index of the solvent forces the surface plasmon band of Au nanoparticles to shift 
towards longer wavelengths, for example cyclohexane, toluene, o-xylene, chlorobenzene, and 
o-dichlorobenzene. 
Some of the solvents such as tetrahydofuran (THF), dimethylformamide (DMF), dimethyl 
sulfoxide (DMSO), and acetone, have a capability of complexing with Au surfaces through 
direct interaction. The LSPR absorption spectrum remains unchanged in these solvents 
because the electron density of Au will change due to the electron density of Au and the 
overrides the effects of refractive index. 
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The LSPR metal NPs can enhance each other when they are close to each other 
32
. Under a 
resonant photon excitation, the intensity of electric fields at the surface of an isolated particle 
is nearly 10
3
 times larger than the field intensity of the incoming photon flux. For two 
particles separated by about 1 nm the field intensity enhancement is more than10
6
. Figure 8 is 
the calculation of electric field intensity spatial distribution for two 75 nm edge length Ag 
nanocubes separated by 1 nm, and an isolated 75 nm edge length Ag nanocube at their 
respective resonant wavelengths (500 and 400 nm) using Finite-difference time-domain 
method.  
 
Figure 8. Electric fields enhancement of adjacent NPs 
32
. 
Noble metal NPs can also absorb UV light irradiation and cause the interband transition 
which for gold is from 5d electrons to the 6sp band, and for silver from 4d to the 5sp band 
22, 
26, 33
. This absorption has been observed as dominating the plasmon absorption on decreasing 
the particle size, due to interband transitions 
22
, and the interband absorption was found to be 
very sensitive to the thermal character of the distribution 
33
. 
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1.3.3 Bimetallic Nanoparticles 
It has been confirmed that bimetallic NPs have many differences in activity when they have 
the same size, shape, and composition compared to the pure metal NPs 
34, 35
. There are three 
types of bimetallic structures core-shell, alloy and monometallic mixtures which are shown in 
Figure 9. 
 
Figure 9. Bimetallic nanoparticles with different architectures 
36
. 
Current research shows that the core-shell structure can be adjusted through interactions 
between core metal and the shell metal which gives different activity in various catalysis 
processes 
37-39
. Take CO oxidation for example, the Pt1-xRhx alloy NPs show an intermediate 
activity between the activities of the individual metals Pt and Rh, while Rh shows much 
higher activity than a Pt 
40
. But in oxidation of CO in hydrogen, the activities of the Pt1-xRux 
alloy NPs are much higher than single metals Pt and Ru. This activity difference may be 
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caused by synergistic effects of the alloy surfaces. Furthermore, the Pt-Ru  core-shell 
structure NPs have much better reaction activity than Pt1-xRux alloy NPs and monometallic 
mixtures 
34
. 
Similar result has been reported on gold-silver bimetallic nanoparticles with different 
architectures 
41
 shown in Figure 11-13. In Figure 10, Au NPs and Ag NPs monometallic 
mixture show strong absorption peak at 520nm and 398nm which is caused by the LSPR 
effect of Au and Ag respectively. This absorption spectrum changes when the Au and Ag 
form a core-shell structure or an alloy NPs structure. 
 
Figure 10. UV-Vis spectra of Au-Ag bimetallic monometallic mixture [41]. 
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In Figure 11, alloy structure has only one plasmon absorption band which becomes broader 
and redshifts as the molar ratio of Au increases.   
 
Figure 11. Au-Ag alloys with increasing gold molar ratio [41]. 
Figure 12 is from the core-shell structure of Au-Ag NPs. There are two bands at about 520nm 
and 398nm, which are from Au and Ag respectively, with a redshift following the increasing 
deposition amount of Au. Both core-shell preference 
42 
(which metal goes into the core and 
which into the shell) and thickness of the shells will affect the optical properties 
43
. 
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Figure 12. Core-shell structure with increasing gold molar ratio [41]. 
1.3.4 Photocatalytic Application of Noble Metal Nanoparticles  
The optical property of both LSPR and interband absorption gives the noble metal a potential 
capability of driving chemical reactions in an efficient way by utilizing the visible light and 
ultraviolet light, which will enable us to use the full spectrum of solar energy.  
1.3.4.1 Photocatalytic Degradation 
Volatile organic compounds (VOCs) such as formaldehyde (HCHO) are the main pollutant of 
indoor environment and some of the organic chemical plant 
13
. Gold loaded ZrO2 has been 
studied for degradation of HCHO into CO2 under different wavelength of light irradiation at 
room temperature. Blue light, red light and simulated sun light were introduced to drive the 
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degradation. All of the light sources give a satisfactory decomposition rate of the aim 
pollutant. Similar result also appears on dye degradation on supported Ag NPs 
15
. The Ag 
NPs which been loaded on zeolite Y, zirconia and silica, have a high photodegradation 
activity, reproducibility and reusability. The possible mechanism of generation of photo-
excited electrons and electron vacancies on Ag NPs is shown in Figure 13. 
 
Figure 13. The diagram of photodegradation of methylene blue under white light irradiation over Ag 
NPs supported on SiO2 
44
. 
1.3.4.2 Photocatalytic Selective Oxidations 
Selective oxidation is considered more important in modern chemical industry. It has been 
intensively studied for both fundamental research and commercial fine chemical production. 
Research has been reported on gold NPs loaded zeolite catalysts for selective oxidation of 
aromatic alcohols to aldehydes under visible light irradiation at room temperature 
45
. This 
photocatalytic process shows a high product selectivity (>99%) and the proposed mechanism 
is showing on Figure 14. 
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Figure 14. A proposed mechanism of photooxidation of benzyl alcohol based on the SPR effect of 
Au-NPs and the adsorptivity of the zeolite support 
45
. 
Selective oxidation (epoxidation) of ethylene to form ethylene oxide on Ag supported Al2O3 
catalysts under visible light irradiation has been reported 
32, 46
. Both these reaction 
mechanisms are LSPR related processes. Energetic electrons of noble metal NPs are excited 
by the LSPR effect and transferred to the surface forming a metal–H surface species which 
can have an interaction with the captured O2 to drive the reaction. 
1.3.4.3 Photocatalytic Selective Reductions 
Aromatic azo compounds are widely used in dyes, food additives, and pharmaceutical 
productions. Recently, research shows that the gold NPs loaded TiO2 or CeO2 can be used to 
synthesize aromatic azo compounds by a two-step, one-pot reaction from nitrobenzene 
47
. 
The reaction is under high temperature (over 100℃), high pressure (9 bar and 5 bar in two 
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step respectively) and change the different reaction atmosphere in both step with O2 and H2. 
However, this complex reaction process can be achieved by using a photocatalysis path way.  
A more controlled, simplified, and greener photocatalysis process was reported by using on 
pot and one step path way to reduce nitrobenzene to aromatic azo compounds 
21
. This 
reaction can easily yield high conversion rate and selectivity under room temperature and 
atmosphere pressure by introducing light irradiation under Ar atmosphere in a short time. The 
two ways to synthesize aromatic azo compounds are shown in Figure 15. 
 
Figure 15. Comparison of the selective reduction of nitroaromatic compounds to corresponding azo 
compounds by the thermal catalytic process (a two-step, one-pot reaction) and the photocatalytic 
process 
48
. 
Another interesting finding is the correlation between the irradiation wavelength and the 
reduction ability of the supported Au NPs 
49
. The reduction potentials of azobenzene, 
acetophenone and styrene oxide are -1.1 eV, -1.9 eV and -2.4 eV respectively. When long-
pass glass filters (cut the wavelength shorter than the objective wavelength) are employed in 
the reactions to cut-off a certain range of wavelengths, the reaction will stop or the 
conversion will drop significantly.  For example, when 600nm long-pass glass filters are 
employed, only wavelengths from 600nm to 800nm can reach the reaction system and all the 
reactions stop except the reduction of azobenzene whose reduction potential is -1.1 eV. When 
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using 550nm filter, reaction of azobenzene and acetophenone (-1.9 eV) can be achieved. 
These results a presented in Figure 16. 
 
Figure 16. Reduction potential of reduction reactions and schematic band structure of supported Au-
NPs with glass filters of different cut-off wavelengths: (a) 420 nm; (b) 550 nm; (c) 600 nm 
49
. 
1.3.4.4 Photocatalytic Hydroamination 
Hydroamination of alkynes is a significant reaction in synthetic chemistry, through which it 
can be used to synthesise numerous important fine chemicals and synthetic intermediates 
50-52
.  
 
Figure 17. Hydroamination path way. 
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Recently, gold loaded TiO2 catalyst has been reported that can facilitate this reaction by a 
photocatalytic process under moderate temperature and atmosphere pressure 
53
.  During the 
reaction, the electrons on the Au surface are excited by the LSPR effect and activate aniline 
molecules assist the activated alkynes by the support. The reaction mechanism is shown in 
Figure 18. 
 
Figure 18 The proposed mechanism for the photocatalytic hydroamination of alkynes on supported 
AuNPs [53]. 
1.3.4.5 Photocatalytic Au-Pd alloy NPs 
Recent research reported that the Au-Pd alloy NPs can catalyse many reactions under visible 
light such as Suzuki- Miyaura cross coupling, oxidation of  benzylamine into imine and 
oxidation of aromatic alcohols 
54
. The Au-Pd alloy NPs can strongly absorb visible light 
irradiation and enhance the reaction significantly under room temperature and atmospheric 
pressure. These reactions are influenced by the Au:Pd molar ratio of the alloy NPs, which 
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may cause charge heterogeneity and an LSPR effect. Figure 19 shows the result of these 
reactions facilitaten by Au:Pd molar ratio of the alloy NPs both with and without light 
irradiation. Figure 19 C is the calculated activation energy of three reactions under both light 
and dark reactions.  
 
Figure 19. The dependence of Au-Pd@ZrO2 performance on the Au:Pd molar ratio of the alloy NPs in 
light enhanced reaction (A) and in the dark reaction (B) for the three reactions in the present study. (C) 
Apparent activation energies of the reactions are calculated from the visible light enhanced reaction 
and the reaction in the dark, contribution of light irradiation is calculated from difference of 
conversion of two processes (with and without light) and presented by percentage. 
 1.4 Photocatalytic of Silver Halides 
Silver halides (AgX, X = Cl, Br, I) are widely used as photosensitive materials in 
photographic films 
55
.  During the photographic process, silver halides absorb photons from 
incident light and release electrons which may create positive holes. The released electrons 
will have a combination with mobile interstitial silver ions that leads to a separation of silver 
atoms. These properties demonstrate that silver halides are unstable under light irradiation 
and inappropriate for photocatalysts. 
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Recently, a series of mixed silver halide photocatalysts have been reported with respect to 
dye degradation and bacteria destruction. An Ag/AgBr/TiO2 catalyst has been reported for 
azodyes degradation and bacteria (Escherichia coli) destruction under UV or visible light 
irradiation 
56
. The reusability for the catalysts has been confirmed by the repeated cycle test 
under both UV and visible light irradiation which means the Ag/AgBr/TiO2 catalyst is an 
effective and stable catalyst. Another similar Ag–AgI photocatalyst has been devised for 
methyl orange and phenol decomposition 
57
. The AgI is immobilized on Ag8W4O16 nanorods 
to form a self-stable Ag–AgI composite photocatalyst. The self-stabilizing process of AgI 
photocatalysts under visible-light irradiation is shown in Figure 20. However, the catalyst 
only shows partial stability on phenol decomposition. The process of methyl orange 
decomposition may disequilibrate the self-stabilizing system and cause catalyst deactivation. 
 
Figure 20. Self-stabilizing process of AgI photocatalysts under visible-light irradiation 
57
. 
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A similar ternary catalyst AgI/AgCl/TiO2 has been reported for the photodegradation of 
methyl orange 
58
. The catalyst can degrade the methyl orange under visible light up to 85.8% 
in 120 minutes. The possible process is shown in Figure 21. 
 
Figure 21. Electron–hole separation process of AgI/AgCl/TiO2 composite under visible-light 
irradiation 
58
. 
AgI/TiO2 catalytic degradation of the azodyes, reactive red K-2G, reactive brilliant red X-3B, 
reactive red K-2BP, and reactive yellow KD-3G, under visible light irradiation has been 
reported
55
. The catalysis activity did not decrease significantly and was maintained 
effectively under both UV and visible light irradiation. 
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1.5 Summary 
The literature review this chapter is to introduce the photocatalysis, semiconductor 
photocatalyst materials, noble metal photocatalyst materials and silver halides/oxide 
photocatalyst materials. The noble metal photocatalyst materials gain energy via Localized 
Surface Plasmon Resonance (LSPR) effect and easy to tune the photocatalytic activity by 
changing the shape, size and composition of the noble metals. Silver halides/oxide 
photocatalyst materials are light instability. However after loaded on TiO2 support, a self-
stabilizing process of AgI photocatalysts under visible-light irradiation can be generated and 
drive reactions. 
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Chapter 2 
Selective Formation of Imines by Amine 
Oxidation on Gold/Palladium Alloy 
Nanoparticles with Visible Light 
Irradiation at Ambient Temperatures 
2.1 Introductory Remarks 
In this chapter, a novel noble metal photocatalyst is designed and synthesized for the 
formation of imine from benzylamine and its ramification. Catalysts driven by thermal 
energy have disadvantages such as energy intensive, rigorous reaction condition and high 
side reactions. Sun light is the main energy of earth which is a long lasting, sustainable, 
abundant and green resource. The conventional semiconductor photocatalysts such as TiO2 
can only use ultraviolet (UV) irradiation, due to the large band gap structure, which account 
for about 4 % of the solar energy. These drawbacks could restrict the application of green 
chemical synthesis. 
Both gold and palladium have unique properties that can facilitated many reaction as thermal 
catalysts. Gold also shows characteristic of the Localized Surface Plasmon Resonance effect 
which can strongly absorb light irradiation at about 520 nm wavelength. To combine the 
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advantages of both Au and Pd, Au-Pd alloy NPs has been designed and synthesized. This 
new alloy catalyst has the capability of utilizing the full spectrum of solar energy for driving 
reactions for synthesis of fine organic chemicals. The Au-Pd alloy NPs catalyst shows a 
favourable activity and high selectivity on benzylamine oxidation reaction under light 
irradiation and moderate temperature. For example, the best thermal conversion rate achieved 
at 45°C is 36% on Au:Pd ratio of 1:1.86, while under light illumination the yield increases to 
95% under the same temperature conditions. The conversion rate can be enhanced by 
strengthening light irradiation intensity and increasing the reaction temperature. The 
Localized Surface Plasmon Resonance effect of gold in alloy system is the cause that makes 
the alloy NPs utilize the light irradiation energy and highly enhances the reaction efficiency. 
Moreover, the unique structure of alloy generates a charge heterogeneity which enhances the 
interaction of reactant molecules and alloy surface. The charge heterogeneity can be altered 
by changing the molar ratio of Au and Pd metal. 
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2.2 Article 
Selective Formation of Imines by Amines Oxidation on Palladium Alloy 
Nanoparticles through Visible Light Irradiation at Ambient Temperatures 
Chao Chen, 
a
 Sarina Sarina ,
a
  Zhanfeng Zheng,
a
  Qi Xiao
a
 and Huaiyong Zhu 
a
* 
ABSTRACT 
The gold (Au)-palladium (Pd) alloy nanoparticles (NPs) catalyst shows a favourable activity 
and high selectivity on benzylamine oxidation reaction under light irradiation and moderate 
temperature. For example, the best conversion rate achieved thermally at 45°C is 36% on 
Au:Pd ratio of 1:1.86, while under light illumination the yield increases to 95% under the 
same temperature conditions. The study demonstrates different properties from alloy NPs to 
pure Au NPs and Pd NPS catalysts. These differences may be caused by changing of 
electronic heterogeneity effect in the alloy system which alters with different Au:Pd ratios. 
The conversion rate of the reaction can be enhanced by light irradiation and by raising the 
temperature. The light energy can be utilized by Localized Surface Plasmon Resonance effect 
of gold in the alloy system and highly enhances the reaction efficiency. The catalysts activity 
is also improved by stronger light intensity and by choose of certain wavelengths. These 
findings provide useful guidelines for designing efficient alloy catalysts with a plasmonic 
metal and a catalytically active transition metal for various organic syntheses driven by 
sunlight. 
Keywords: amine gold-palladium alloy photocatalyst oxidation nanoparticles 
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Introduction 
Imines are versatile and important synthetic intermediates for the synthesis of fine chemicals, 
pharmaceuticals, and agricultural chemicals
1 
Generally, the synthesis of imine derivatives 
involves condensation of an amine and a carbonyl compound. To avoid the problem caused 
by the excessively active nature of ketones or aldehydes, an alternative strategy to the direct 
oxidation of amines has been recently studied
2, 3
. A number of ruthenium complexes have 
been studied for the oxidation of amines but they can only oxidize limited numbers of 
benzylamine at high temperature (usually above 100°C). Research on noble metals such as 
gold powder or Au, Pd and Pt supported on Al2O3 or TiO2 gives another pathway to produce 
imines, but the reaction condition is limited in O2 atmosphere under 5 atm and temperature as 
high as 100°C
4, 5
. Gold–palladium supported nanoparticles on porous steel fiber can also 
facilitate the reaction under heat conditions while high pressure (5 bar O2) and temperature 
(100°C) are still needed
6
. Photocatalytic processes facilitated by carbon nitride (graphitic – 
C3N4) were used to synthesize imine from amine under 5 bar O2 pressure at 60-80°C with 
visible light irradiation 
7
. These processes can utilize the light source as a clean and green 
energy but the high pressure may cause other issues. Some reaction under moderate 
conditions can be achieved by using UV irradiation or microwave
8, 9
. However these energy 
sources result in a relatively lower product selectivity. 
Pd is widely used as a unique and highly efficient catalyst for many important organic 
reactions
10-12
. A large number of these reactions are driven by heat. In order to improve the 
reaction efficiency, high temperature and high pressure are in use which are energy intensive. 
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It is very difficult to recover the Pd after the reaction due to the homogeneity of the catalysts 
despite their high yields. 
Gold is another well known catalyst that can facilitate various organic reactions under certain 
conditions. Furthermore,  the gold nanoparticles (AuNPs) is reported to have a strong visible 
light  absorption due to the localized surface plasmon resonance (LSPR)
13, 14
, and they also 
can absorb ultraviolet (UV) light due to inter-band electron transitions (from 5d to 6sp)
15, 16
. 
The LSPR is a collective oscillation of electrons in NPs when they resonate with the 
electromagnetic field of the incident light with certain natural frequency 
17
. This process can 
help the NPs conduction electrons to gain energy from certain wavelength of irradiation and 
result in high energy electrons at the surface, which is suitable for activating molecules on the 
NPs for chemical reactions. The advantage of this principle is that the gained energy from 
light irradiation is at the surface of the NPs and can interact with reactant molecules 
efficiently and avoid energy loss caused by electron transmitting or transferring. Applying 
this effect, the reaction can be designed to use light instead of heat to proceed at high 
efficiency and at moderate temperature 
18-20
. 
To combine the advantages of both AuNPs and PdNPs, Au-Pd alloy NPs were designed and 
synthesized. These alloy NPs have been reported and used for thermal reactions such as  
oxidation of alcohols and synthesis of hydrogen peroxide
6, 21
. The catalytic mechanism and 
efficiency of the alloy NPs are significantly different from those of pure AuNP or PdNP 
because of the electronic effect that alloy particle has on the surface. The difference of 
electronegativity between Au (2.54) and Pd (2.2) can cause charge heterogeneity which can 
enhance the interaction between both the alloy NPs and electrophilic or nucleophilic reactant 
molecules
22
.  When the alloy NPs are under light irradiation, the high energy electrons will be 
generated on Au NPs due to the LSPR effect and the electron will flow to the Pd sites on the 
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NP surface which is caused by the electronegativity difference
23
. This process will form a 
relatively high energy state at the Pd sites of the alloy NPs surface where it is more activated 
and has better affinity towards reactant molecules. These properties of Au-Pd alloy NPs 
catalyst provides a possibility of driving reactions under a moderate temperature with light 
irradiation. 
In this research, the oxidation reaction of oxidize benzylamine to imine is studied to confirm 
the activity of Au-Pd alloy NP catalyst under light irradiation, and the properties of the alloy 
catalyst are investigated. The overall performance of this catalyst shows promising activity 
on the benzylamine oxidation and produces a better result compared with the pure Au NPs 
and Pd NPs. Moreover, under visible light irradiation the performance of the alloy NPs was 
significantly enhanced. 
Experimental 
Catalyst preparation. Catalysts with 3wt% metal loaded on ZrO2 which included pure gold 
NPs, pure palladium NPs and four catalysts of Au and Pd alloy NPs with different Au:Pd 
ratios were prepared by impregnation-reduction method. For example, 1.5 wt%Au-1.5 wt% 
Pd/ZrO2 was prepared by the following procedure: 2.0 g ZrO2 powder was dispersed into 
15.2 mL of 0.01 M HAuCl4 aqueous solution and 28.3 mL of 0.01 M PdCl2 aqueous solution 
while magnetically stirred. 20 mL of 0.53 M lysine was then added into the mixture with 
vigorous stirring for 30 min. Afterwards, 10 mL of 0.35 M NaBH4 solution was added 
dropwise in 20 minutes to the above suspension. Followed by 10 mL of 0.3 M hydrochloric 
acid. The mixture was aged for 24 h and then the solid was separated by centrifuge, washed 
with water and ethanol, and dried at 60 °C in air. Catalysts with different Au:Pd ratios were 
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prepared in a similar method but using different quantities of HAuCl4 aqueous solution or 
PdCl2 aqueous solution.  
Catalyst Characterization. A TEM study by the energy dispersion X-ray spectrum 
technique carried out on a Philips CM200 TEM with an accelerating voltage of 200 kV were 
used to characterize the catalysts. The Au and Pd content of the prepared catalysts were 
determined by EDX technology using the attachment to a FEI Quanta 200 Environmental 
SEM. UV-Vis spectrum of the sample powders were examined by a Varian Cary 5000 
spectrometer. 
Activity Test. The suspension of catalyst powder, solvent and the reactant was placed in a 
chamber in which a 500 W Halogen lamp (from Nelson, wavelength in the range 400–750 
nm) was used as a light source and the light intensity was usually 0.30 W/cm
2
 (except for the 
experiments investigating the impact of the intensity). The temperature of the reaction system 
was carefully controlled with an air-conditioner attached to the chamber. The reaction system 
under light illumination was maintained at the same temperature as the corresponding 
reaction system in the dark to ensure that the comparison is meaningful. The details of the 
reaction systems are given briefly as footnotes of Table 1 for each reaction. At given 
irradiation time intervals, 2 mL aliquots were collected, centrifuged, and then filtered through 
a Millipore filter (pore size 0.45 μm) to remove the catalyst particulates. The filtrates were 
analysed by Gas Chromatography (6890 Agilent Technologies) with a HP-5 column to 
measure the concentration change of reactants and products. The product analysis used an 
Agilent Technologies 6890 gas chromatograph equipped with Agilent Technologies 5973N 
mass selective detector and an Agilent HP-5MS column. 
Result and Discussion 
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Transmission electron microscopy (TEM) analysis of the alloy NPs (Figure 1) gives a view of 
the catalyst’s morphology and shows that the mean diameters of the Au-Pd alloy NPs are 
about 4.5 nm. More than 60% particles have a particle size of 4 nm-5 nm and no obvious 
particle larger than 10 nm or less than 1 nm. The previous research shows that the NPs 
synthesized by the same method have a structure that consists of both Au and Pd distributed 
spherically around a common centre which means that the two metals exist as binary alloy 
NPs
24
. The catalyst with this size distribution being applied here is due to the size and 
dispersion of the Au NPs and could significantly influence their catalytic performance
25
. The 
larger particle size gives stronger light absorption due to the LSPR effect which is important 
for the photocatalytic performance. But the smaller particle size trend to have a larger 
specific surface area which has more change to interact with reactant
26
. The previously 
research gives a optimized particle size 5 nm in mean size, which can engender strong LSPR 
effect while having a relatively larger specific surface area. 
 
Figure 1. TEM image of Au-Pd@ZrO2 catalyst and particle size distribution of Au-Pd@ZrO2 used in 
this study. The arrows indicate Au-Pd NPs. 
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The observed UV-VIS light absorption of the sample (Figure 2) is additional evidence 
showing the alloy formation of Au-Pd alloy NPs. The spectrum of the Au-Pd alloy NPs with 
ZrO2 support and Au-Pd alloy NPs in water solution (synthesised by same method but 
without ZrO2 support) is clearly different from the spectra of the pure metal NPs which is 
believed to be associated with the formation of Au-Pd alloy NPs
4
. The band-gap of the ZrO2 
carrier is about 5 eV
27
, which exhibits weak visible light absorption at wavelengths above 
400 nm.   
 
 Figure 2. Diffuse reflectance UV-visible (DR-UV-Vis) spectra of the Au-Pd@ZrO2 catalyst and their 
comparison with pure Au@ZrO2 and Pd@ZrO2. 
Therefore, the ZrO2 support itself does not contribute to the photocatalytic activity. 
Meanwhile all the metal loaded catalysts (Au, Pd and Au-Pd alloy) on the ZrO2 supports and 
alloy NPs in water solution display high levels of absorption in the UV and visible range, 
indicating that solar energy can be significantly absorbed by the metal NPs. There is an 
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absorption peak at 520 nm in the spectrum of the pure AuNP sample which corresponds to 
the LSPR of the AuNPs
13, 14
. When the AuNP is loaded on support, this LSPR peak can be 
shifted and broadened by interaction with the carrier.  
The gold LSPR peak disappeared in Au-Pd alloy NPs but after investigation we found that it 
still affects the catalysts performance under light irradiation and this will be discussed later.  
The AuNPs also absorb UV irradiation through inter-band (5d→6sp) transitions15, 16. 
Meanwhile, the UV-Vis spectrum of the Au-Pd alloy NPs colloid in water delineate a 
peculiar spectral which is caused by different dielectric constants of water and air
21
. 
Therefore, surface plasmons could promote the transfer of energetic electrons to the 
unoccupied adsorbate states and interact with adsorbates on the surface of the nanostructure. 
The oxidation of benzylamine with several substituent groups and catalysts with different 
gold and palladium molar ratio was examined and the results are listed in Table 1. Without 
light irradiation, pure AuNPs exhibit low activity (with a yield of 12%) for the oxidation of 
benzylamine into imine. The activity of the pure PdNPs for this reactions are better than those 
observed with AuNPs, but still relatively low (yield 21%). The alloy NPs give improved 
activity under the same conditions with 36% yield using catalyst at the optimal Au:Pd ratio 
( 1:1.86).  
Table 1. Catalytic oxidation of benzylamine into imines with the Au-Pd@ZrO2 photocatalysts of 
various Au:Pd molar ratios under visible light irradiation (number in red colour) and in the dark 
(number in black colour). 
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R1 
Au:Pd
a
 Yield / % Selec. / % TON TOF / h
-1
 Q.Y. / % 
  Light Dark Light Dark Light Dark Light Dark  
H 1:1.86 95.32
b
 36.36 96 98 86 33 0.90 0.34 2.7 
 1:1.00 84.17
 b
 39.19 99 98 91 39 0.95 0.41 1.7 
 1:5.58 79.86
 b
 24.38 95 96 75 21 0.78 0.22 1.4 
 1:0.62 74.22
 b
 34.97 99 98 86 41 0.90 0.43 1.0 
 1:0 25.57
 b
 12.15 97 98 34 16 0.35 0.17 0.1 
 0:1 30.41
 b
 20.77 89 83 21 15 0.22 0.16 0.7 
 1:1 mix 
c
 28.25
 b
 1.65 94 90 28 16 0.29 0.17 0.4 
Cl 1:1.86 98.38
d
 16.31 93 99 89 18 2.23 0.45 2.2 
CH3 1:1.86 33.12
e
 11.23 100 100 40 15 0.83 0.31 2.6 
OCH3 1:1.86 42.74
e
 14.98 98 99 44 16 0.92 0.33 2.5 
a molar ratio; b reaction time 96 h; c 25mg Au@ZrO2 and 25mg Pd@ZrO2; d reaction time 40 h; e 
reaction time 48 h. Reaction conditions: 1 mmol of reactant, 50 mg (containing 3% of metals) of 
catalyst in CH3CN solvent at 45°C and 1 atm of O2. TON and TOF were calculated based the total 
amount of metal(s). 
The catalysts activity under light irradiation exhibits a similar trend on conversion rate to that 
without light irradiation. But the yield is significantly enhanced and it has little impact on the 
product selectivity. However, the influence that alloy composition put on the yield has not 
been fully understood yet. Similar result on the optimal Au:Pd molar ratio for the Au-Pd alloy 
NP catalysts has been reported by other groups testing their reactions at relatively high 
temperatures (≥190°C) and high pressure28, 29. Benzylamines substituted with electron-
donating groups (CH3 and OCH3) and electron-withdrawing groups (Cl) could also undergo 
oxidative coupling to the corresponding imines with high yields.  
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Figure 3. Proposed mechanism of Au-Pd alloy NPs@ZrO2 catalyzed oxidation of benzylamine. 
Generally, the synthesis of imine derivatives involves condensation of an amine and a 
carbonyl compound. Many research studied based on noble metal catalysts proposed some 
possible reaction mechanisms under thermal reaction of imine formation
4, 5, 27
. However, the 
exact pathway of the reaction still cannot be fully comprehended. The analysis of gas 
chromatography-mass spectrometry can deduce a possible reaction mechanism which is 
shown in Figure 3. 
To better understand the enhancement of the catalytic performance that occurs during light 
irradiation of the Au-Pd alloy NPs, the dependence of the catalyzed reaction on the light's 
wavelength, intensity, and the temperature were investigated and are presented in Figure 4-7. 
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Figure 4. The dependence of the catalytic activity of Au-Pd alloy NPs for the benzylamine reaction on 
the intensity of different light irradiation. Both light driven reaction and the reaction in the dark were 
conducted at 60°C ±1°C.  
Figure 4 shows an interrelation between light intensity and the conversion of benzylamine 
reaction catalyzed by the Au-Pd alloy NPs (1:1.86). Along with the increase of light intensity, 
the conversion has an almost linear increase.  The contribution of the light irradiation was 
obtained by subtracting the conversion efficiency of the dark reaction from the conversion 
efficiency under light at the same temperature. In order to study the relation between thermal 
reaction and light reaction, the photoreaction mixture was carefully controlled and maintained 
at the same temperature as dark reaction at 60°C ±1°C. The relative contributions of light and 
thermal processes to the conversion efficiencies are shown in Figures 4. It is obvious the 
contribution rises linearly with the light intensity. For example, under 0.2W/cm
2
 light 
intensity, only 38% of the conversion is attributed to light irradiation, meanwhile thermal 
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effects give 62% contribution at 60°C ±1°C. When the light intensity is increased to 1.2 
W/cm
2
, 74% of the conversion rate obtained is due to light irradiation. This trend clearly 
demonstrates the enhancement that light irradiation produces in the catalytic activity of Au-
Pd alloy NPs. 
 
Figure 5. The dependence of the catalytic activity of Au-Pd alloy NPs for the benzylamine reaction on 
the intensity of different light irradiation and temperature. 
Figure 5 gives a full view of interrelation between light intensity reaction temperature and the 
conversion of benzylamine reaction catalyzed by the Au-Pd alloy NPs (1:1.86). As the Figure 
5 shows, under various temperatures, higher light intensity leads to higher conversion rate. 
Moreover, along with the temperature rise, the reaction rate gets faster. All the reaction 
efficiency has an almost linear raise with the light intensity increased, but the slopes are 
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slightly different. The reaction under 60°C has the largest slope (0.52) followed by 50°C 
(0.35), 40°C (0.32) and 30°C (0.22). The larger the slope is the faster the curve rise. 
Therefore, the reaction under 60°C light irradiation contributes to the highest conversion 
differences between light and dark reactions, which can be deduced from the explanation of 
Figure 4. Therefore, the thermal energy can also enhance the photoreaction when using metal 
catalysts. The above illustrated relation between light intensity, temperature and conversion 
rate is reported in a previous work
30
. 
 
Figure 6. The dependence of the catalytic activity of Au-Pd alloy NPs for the benzylamine reaction on 
the wavelength of the light irradiation. Both light driven reaction and the reaction in the dark were 
conducted at 45°C ±1°C. 
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To determine the wavelength of the light effect on the conversion efficiency, various optical 
low pass filters have been introduced to filter light below specific cut-off wavelengths and 
help to tune the wavelength range that irradiated the reaction systems. The dependence of the 
catalytic performance on wavelength range for benzylamine is depicted in Figure 6. 
Cutting off light with wavelengths > 420 nm using the filter, the conversion is about 5% less 
than that under the irradiation between 400 nm and 800 nm. It means that  the light with 
wavelengths in the range between 420nm and –800 nm, could brings about  nearly 90% of 
the conversion efficiency contributed by the light irradiation. Similarly by applying a filter 
that with a cut-off wavelength of 490 nm, 550 nm and 600 nm, the conversion drops to 70%, 
48% and 38% respectively. The conversion without irradiation is 24% which means under an 
irradiation that between 600-800 nm only 14% (=38%-24%) conversion contribution from 
photoreaction. For the wavelength 420-800 nm, 490-800 nm and 550-800 nm this number is 
66%, 46% and 24% respectively. Set the total effect from light irradiation at wavelength 420-
800 nm as 100%, the effect from light irradiation of 420–490 nm, 490–550 nm, 550-600 nm 
and 600-800 nm can be calculated as  31%, 33%, 15% and 21%. From the calculation, the 
irradiation in the 490-550 nm range has the largest contribution to the conversion rate. The 
photons of the light in 420-490 nm range have higher energy but the irradiation has lower 
impact on the reaction than the irradiation of 490-550 nm range. The rest of two ranges have 
even lower ability to drive the reaction. The absorption of light in the 490-550 nm range 
brings the best catalytic efficiency, and where AuNPs has strong LSPR absorption (peaked at 
520 nm). It appears that the light absorption due to the LSPR effect of gold nanostructures is 
most efficient for driving the reaction, which is the role of gold in the Au-Pd alloy NPs.  
To have an in-depth understanding of the alloy catalyst, the dependence of the catalytic 
performance of benzylamine light enhanced reactions and same reactions performed in the 
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dark on Au:Pd molar ratio of the alloy NPs is plotted in Figure 7 based on the data of Table 1. 
When the molar ratio was 1:1.86, the reaction achieved the highest yield of target products. 
Alloy NPs with other Au:Pd ratios (1:5.58, 1:1 and 1:0.62) are proved to be less active. 
Furthermore, the dependence on the Au:Pd ratio of the alloy NPs for the reactions in the dark 
is similar to that observed for the light-enhanced reactions but with much lower conversion 
efficiencies. Figure 7 also shows that light illumination and alloy composition both have 
impact on catalytic performance of the alloy NPs, where irradiation with light has more 
pronounced effect than the Au:Pd ratio. The apparent activation energy was calculated from 
the reaction result under light irradiation and in the dark by applying the Arrhenius equation 
and using the reaction data taken between 30°C-60°C. The difference between the activation 
energies of the light enhanced process and the process in the dark (ΔEa) indicates the light 
irradiation contribution
31
. For benzylamine reaction, the activation energies of the light 
enhanced process is 118.4KJ/mol and the process in the dark is 131.5KJ/mol. When the 
visible light illumination exists, the activation energy reduces to 13.1KJ/mol which is a 
reduction of 90%. 
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Figure 7. The dependence of Au-Pd@ZrO2 performance on the Au:Pd molar ratio of the alloy NPs in 
light enhanced reaction and in the dark reaction for the benzylamine reactions in the present study.  
The reason that may cause the improved catalytic activity of the alloy structure in the study is 
possibly the charge heterogeneity at the alloy NPs surface
6, 32
. To better understand the 
principle, a simulation using the Density Function Theory (DFT) was carried out for electron 
states with and without light irradiation under the wavelength 530 nm and 535 nm which are 
chosen around the SPR absorption wavelength of gold. Due to the DFT simulation limitations, 
the calculation capacity is a small gold cluster Au32 and an alloy cluster Au12Pd20. 
The charge heterogeneity, demonstrated by the natural charge distributions, of the two 
clusters in the ground state (corresponding to the state in the dark) and an excited state    
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corresponding to that under light irradiation) were simulated. The simulation result suggest 
that even in the pure gold Au32 clusters, charge heterogeneity exists and the increased charge 
heterogeneity on the Au12Pd20 cluster surface is in agreement with previous reports
33, 34
. 
Under light irradiation, conduction electrons of both clusters absorb energy and the electrons 
are excited to excited states which the natural charge distribution is similar to that calculated 
for the ground state. The Au:Pd ratio can strongly influence the charge distribution and the 
charge heterogeneity of the cluster. This heterogeneity alters the charge distributions of 
ground and excited states in a more or less similar way. Therefore no matter whether under 
the ground state (in the dark) or excited state (irradiated with light), varying the Au:Pd ratio 
will led to a similar trend in the catalytic performance of the Au-Pd@ZrO2 alloy NPs. The 
interaction between the alloy NPs and reactant molecules is enhanced when the charge 
heterogeneity is increased
6, 22, 32
. This could result in higher probability that the reactant 
molecules are adsorbed on the alloy NPs more than on AuNPs. Once the system has light 
irradiation, the conduction electrons of alloy NPs are elevated to an excited state through 
absorption of light energy, which increases the NPs capability of inducing reactions involving 
reactant molecules over that seen when the same reaction is performed in the dark. 
Conclusions 
In summary, we have achieved highly selective photocatalytic oxidation of amines on Au-Pd 
alloy NPs. The study demonstrates that the Pd in Au-Pd alloy NPs can significantly enhance 
the reaction rate at ambient temperatures under light irradiation. This is caused by the charge 
heterogeneity of the alloy NP surface which is greater than that of AuNP or PdNP surfaces 
and leads to a stronger interaction between the alloy NPs and reactant molecules. Moreover, 
the Au:Pd molar ratio of catalysts has an important influence on charge heterogeneity and can 
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alter catalytic performance of the alloy NPs. The LSRP effect on AuNPs helps to absorb light 
energy and generates energetic conduction electrons at the surface of Pd sites to which the 
reactant molecules have an affinity. The efficient catalysts studied here could be extended to 
a variety of synthetic posses driven by sunlight.  
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Chapter 3 
Visible-Light-Induced Selective 
Photocatalytic Oxidation of 
Benzylamine to Imine over Supported 
Ag2O and AgI Photocatalysts 
3.1 Introductory Remarks 
Silver halides (AgX, X = Cl, Br, I) are widely used as photosensitive materials in 
photographic films. The photographic process, silver halides absorb photons and release 
electrons which will have a combination with mobile interstitial silver ions that leads to a 
separation of silver atoms. These properties demonstrate that, silver halides are unstable 
under light irradiation and inappropriate for photocatalysts. Therefore, Ag2O and AgI were 
found stabilized after partially decompose to Ag which may have a possibility of being a new 
kind of photocatalysts. Ag2O and AgI are semiconductors with a narrow band gap (Eg = 2.8 
eV and 1.2 eV), which can absorb visible light to drive reactions. For example, AgI supported 
by TiO2 can achieve a 95% conversion rate with more than 95% selectively on selective 
oxidation of benzylamine to imine under light irradiation and mild condition. The conversion 
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rate and selectivity can be altered by different amount of loaded AgI, but too much many 
cause agglomeration and lower the catalyst efficiency. Moreover, the Ag2O supported by 
TiO2 also shows an activity on the reaction but the conversion is poor. When under the light 
irradiation, AgI NPs on TiO2 will form a small amount of Ag and become a self-stabilization 
system among the AgI-Ag-TiO2, which make the catalyst have a good reusability. The 
metallic Ag can also assist the reaction by its LSPR effect and enhanced light absorption 
which is another activity source of the catalysts. 
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3.2 Article 
Visible-Light-Induced Selective Photocatalytic Oxidation of Benzylamine to 
Imine over Supported Ag2O and AgI Photocatalysts 
Zhanfeng Zheng, Chao Chen, Arixin Bo, Fathima Sifani Zavahir, Jian Zhao, Dongjiang Yang, 
and Huaiyong Zhu* 
Ag/AgX (X = Cl, Br, I) photocatalysts have shown high activity for the degradation of 
synthetic dyes.
[1-2]
 Although AgX has long been recognized to be very unstable under light 
illumination, it is reported that Ag-based narrow band gap semiconductors such as AgI and 
Ag2O (Eg = 2.8 eV and 1.2 eV) can be stabilized after partial decomposition to Ag occurs 
when illuminated under visible light.
[3-4]
 The photocatalytic activity of AgX is attributed to 
the localized surface plasmonic effect (LSPR).
[5]
 Plasmonic metal photocatalysts including 
Au and Ag nanoparticles have shown activity in many reactions such as reductive coupling of 
nitroarenes, partial oxidation of alcohols to aldehydes, selective ethylene epoxidation, and 
hydroamination of alkynes to imines under visible light irradiation.
[6-10]
 In fact, Ag/AgI could 
also be a promising photocatalyst for organic synthesis under visible light irradiation. 
Recently, we found that Ag2O nanoparticles (5-10 nm in size) can be firmly attached on 
titanate nanotubes and nanofibres by forming coherent interface (the Ag2O and titanate join 
closely with cryptographically similar lattice planes).
[11-12]
 The Ag2O loaded titanate 
nanostructures are efficient sorbents for removing I
-
 from water, forming AgI nanoparticles 
on the titanate nanostructures. The titanate supports can prevent the AgI nanoparticles from 
aggregation, the attached particles adequately expose to the reactant when serving as 
photocatalyst. Furthermore, the composite can be readily separated from liquid by filtration 
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or sedimentation because of the lengths of the titanate nanotubes and nanofibers (several 
hundred nanometres to tens of microns). These properties will greatly facilitate the catalyst 
performance. 
In the present study, Ag2O and AgI nanoparticles were loaded on titanate nanotubes (TNTs) 
and used as photocatalysts for the selective oxidization of benzylamine. AgI exhibits much 
higher activity than Ag2O, and both demonstrate high selectivity to imine. Interestingly, they 
exhibit activity in this reaction only under visible light illumination. 
The sample’s crystal phase composition and surface area are summarized in Table 1. The 
Ag/Ti molar ratio in the Ag2O/TNTs sample was 0.50 according to the energy dispersion X-
ray (EDX) analysis. Supported AgI was obtained by agitating a mixture of supported Ag2O 
powders and NaI solutions of different concentrations. Ag2O gradually converted to AgI 
while increasing the I
-
 concentration in the process, as can be seen from Table 1. X-ray 
diffraction (XRD) patterns of supported Ag2O and AgI photocatalysts are shown in Figure S1. 
Very weak diffraction peaks were observed in AgI-100, which could be indexed to hexagonal 
β-AgI (JCPDS file: 09-0374). The intensity of AgI diffraction peaks increased with the 
increasing AgI amounts in the supported AgI photocatalysts. This was in agreement with the 
EDX analysis (Table 1).  
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Table 1. Phase composition, and specific surface area of Ag2O@TNTs and 
AgI@TNTs photocatalysts. 
Sample Phase composition Ag:I:Ti ratio
[a]
  SBET 
(m
2
/g) 
 
TNTs Titanate - 220  
Ag2O@TNTs Ag2O + Titanate 0.50:0:1 153  
AgI -100 AgI  + Ag2O + Titanate 0.48:0.05:1 146  
AgI -250 AgI + Ag2O + Titanate 0.46:0.09:1 145  
AgI -500 AgI + Ag2O + Titanate 0.39:0.22:1 131  
AgI -750 AgI + Ag2O(trace) + Titanate 0.34:0.32:1 82  
AgI -1000 AgI + Titanate 0.36:0.36:1 71  
[a] Measured by EDX attached to A SEM microscopy.  
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For AgI-1000, Ag2O phase was completely converted to AgI, corresponding to Ag/I molar 
ratio at 1 (Table 1). The supported Ag2O nanoparticles were very small, however the size of 
these AgI nanoparticles gradually increases with increasing AgI quantities in the samples, as 
can be seen directly from examination of the sample TEM images (Figure S2). As expected, 
the particle size increase was accompanied with a decrease in specific surface area (Table 1). 
The bare titanate nanotubes have a large specific surface area (220 m
2
/g). The specific 
surface area decreased to 153 m
2
/g after Ag2O loading and further decreased with higher AgI 
loading. The specific surface area of the sample AgI-1000 is 71 m
2
/g, which is attributed to 
the large AgI content. The XPS spectra in the 360 – 380 eV range (Figure S3) show two 
Ag3d5/2 peaks at 368.2 eV (AgI-100 to AgI-500) and 367.7 eV (AgI-750 and AgI-1000), 
respectively, which could be assigned to Ag
+
. 
The supported Ag2O and AgI exhibited very different UV-Vis absorption, as is shown in the 
UV-Vis spectra (Figure 1A). The bare titanate only absorb UV light and thus it reflects 
visible light and exhibits a white colour (Figure 1B-a). Ag2O has a very narrow band gap at 
1.2 eV and can absorb light in the visible range, exhibiting a dark-gray colour. The supported 
AgI samples show a sharp absorption at ~440 nm, corresponding to a band gap (2.8 eV). The 
colour of the supported AgI catalyst changes with the AgI loading amount, from dark green 
(AgI-100), green-yellow (AgI-250), yellow (AgI-500), to light yellow (AgI-750 and AgI-
1000). The AgI sample with smaller crystal sizes exhibit the stronger absorption in long 
wavelength, this absorption is due to scattering. The stronger scattering results in darker 
colour of the sample.  
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Figure 1. UV-Vis diffuse reflectance spectra of AgI@TNTs photocatalysts. (a) Titanate nanotubes 
(TNTs); (b) Ag2O@TNTs; (c) AgI-100, (d) AgI-250, (e) AgI-500, (f) AgI-750, (g) AgI-1000. 
 
Figure 2. Performance of AgI@TNTs for the selective oxidation of benzylamine under visible light: 
(a) Titanate nanotubes (TNTs); (b) Ag2O@TNTs; (c) AgI-100, (d) AgI-250, (e) AgI-500, (f) AgI-750, 
(g) AgI-1000. Reaction conditions: catalyst (50 mg), benzylamine (0.5 mmol), acetonitrile (10 ml), O2 
(1 atm), 40 °C, 24 h, light intensity (0.48 W/cm
2
, 500 W Halogen Lamp). No product was observed in 
the absence of visible light. 
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The photocatalytic performances of supported AgI samples for the selective oxidation of 
benzylamine, compared with the titanate support only and Ag2O on the support, are shown in 
Figure 2. No conversion was observed in any of the reactions in the absence of visible light 
irradiation, which confirms that the oxidation of benzylamine is a light-driven reaction. These 
photocatalysts exhibited very high selectivity (> 94%) for the oxidation of benzylamine to the 
corresponding imine. The conversion rate increased gradually from 45% (AgI-100), 57% 
(AgI-250), 74% (AgI-500), 92% (AgI-750) to 95% (AgI-1000) (Figure 3c-f). Evidently, there 
is positive correlation between the conversion rate and the AgI amount in the samples.  
The selectivity over AgI-500 was almost 100%, and the selectivity dropped to 97% and 96% 
for AgI-750 and AgI-1000, respectively. In contrast to these results for AgI nanoparticle-
loaded titanate nanotubes, pure AgI (large particles from SEM observation, prepared by the 
direct deposition by mixing AgNO3 and NaI solution) gave a conversion rate of 25% (25 mg 
AgI,, after 24 h reaction). The AgI quantity is larger than AgI content in the AgI-500 sample. 
The AgI dispersed and stabilized on nanotube support can achieve much higher activity 
(about three times), compared to pure AgI particulates. The bare titanate exhibited a low 
activity for the reaction under light irradiation (Figure 2). This behaviour has been reported 
previously by Lang et al. They found that anatase TiO2 could catalyze benzylamine oxidation 
under visible light illumination.
[13-14]
 It is believed that the absorbed benzylamine acts as 
photosensitizer under visible light illumination (Figure S4, UV-Vis spectra), an electron 
transfers to a surface Ti site, and thus, oxidation occurs. However, due to the large band gap 
of titanate, the conversion rate on TNTs is relatively low. Ag2O on TNTs exhibits moderate 
activity for the oxidation of benzylamine compared to AgI on TNTs. The AgI-500 sample 
exhibited the highest selectivity (100% to imine) and high conversion rate, and was selected 
for the mechanism study.  
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The reaction kinetics profile for the catalyst AgI-500 is shown in Figure S5. The reaction 
slowed down slightly as the accumulation of product. It indicates that the benzylamine 
oxidation reaction follows Langmuir-Hinshelwood first-order kinetic model. The reaction 
constant can be calculated from the conversation of benzylamine according to the equation 
ln(C/C0)=-kapp•t, where kapp and t represent the reaction rate constant (h
-1
) and irradiation time, 
respectively. This photocatalyst before and after the catalytic reactions were characterized 
using various techniques. It was found that AgI partially decomposed to Ag according to the 
result of EDX attached to TEM. Under visible light irradiation, AgI decomposes partially to 
Ag and I, then forms stable Ag/AgI structure which is stable under visible light illumination. 
This can be discerned in the UV-Vis spectra (Figure S6), where the absorption in the visible 
range is almost the same for samples after 3 h reaction, 1 cycle, 2 cycles and 3 cycles. This is 
in accordance with previous reports that under light illumination AgX (X = Cl, Br, I) partially 
decomposes to Ag and thus stabilizes.
[4, 15]
 The sample exhibits a good photostability and no 
conversion rate decrease was observed after three recycle stages. Therefore, the AgI 
photocatalyst can be reused without regeneration. 
 
Figure 3. (A) Cut-off threshold wavelength, and (B) intensity influences on the selective oxidation of 
benzylamine at 40 °C using AgI-500. 
Chapter 3. Visible-Light-Induced Selective Photocatalytic Oxidation of Benzylamine to 
Imine over Supported Ag2O and AgI Photocatalysts 
 
P a g e | 66  
 
The change of either the wavelength or the intensity of the incident light affects the 
photocatalytic activity of AgI-500 (Figure 3). The conversion rate is higher under irradiation 
of higher intensity. This indicates that the reaction is driven by light. To understand the 
mechanism, we studied the dependence of the conversion rate on the irradiation wavelength. 
Three optical low pass filters were used to block light below specific cut-off wavelengths. It 
was found that after filtering out the light of wavelengths < 490 nm, the sample still exhibits 
moderate photoactivity. This fact indicates that the photocatalytic active component may not 
be a semiconductor mechanism. For a semiconductor photocatalyst, photons with energy 
larger than the band gap (the light with shorter wavelength) could cause reactions on it.
[16-18]
 
AgI has a bandgap of 2.8 eV, the irradiation with wavelength λ > 443 nm cannot initiate the 
photocatalysis reaction. Therefore, the reaction observed under irradiation, should be another 
photocatalytic component, Ag metal nanocrystals. Since Ag nanocrystals has substantial 
adsorption in the visible range which is peaked between 400-500 nm.
[19]
 This is in agreement 
with the previous report that plasmonic Ag/AgI was the active compound for the degradation 
of methyl orange (plasmonic photocatalyst).
[1]
 We also found that the activity of AgI-500 
increases with increasing reaction temperature (Figure S7), which is a typical metal character. 
For a semiconductor photocatalyst, the photoactivity does not change much with the 
temperature.
[20]
 When the valence band of a semiconductor was employed for a 
photocatalytic reaction, semiconductor photocatalyst doesn’t show high activity due to the 
absence of OH groups in organic phase and the selectivity is very difficult to control due to 
the high oxidation potential in aqueous system.
[13, 21-22]
 Therefore, it is deduced that the AgI 
semiconductor cannot catalyse the oxidation of amine reaction. We studied the photoactivity 
of pure AgI prepared by precipitation method, conducted the same reaction and found a 
similar trend (Figure S8).  This further indicates that Ag/AgI is active in the visible range and 
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the smaller AgI nanoparticles in AgI-500 are responsible for the high conversion rate under 
light irradiation. 
To understand the substituent influence on the reaction, we conducted the catalytic oxidation 
on two derivative compounds with electron donation groups (-CH3 and CH3O-) and one 
compound with an electron withdrawing group (-Cl). The results are summarized in Table S1. 
The substituents on the benzene ring appear to have a slight influence on the reaction rate and 
only a miner influence on the product selectivity. From this study, it is concluded that the 
compound with an electron withdrawing group react faster. Based on the above analysis, we 
tentatively propose a mechanism for this reaction, as schematically shown in Figure 4. First, 
Ag particles absorb visible light due to the LSPR effect and then electron transfer occurs to 
the conduction band of AgI; Second, benzyl amine  is oxidized to benzaldehyde (observed by 
GC-MS), induced by the positive charged Ag nanoparticles; Finally, the benzaldehyde 
undergoes fast reaction with unreacted benzylamine to form the imine. 
 
Figure 4. Schematic illustration of the benzylamine oxidation mechanism on AgI@TNTs 
photocatalsysts. 
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In summary, AgI nanoparticles have been dispersed on titanate nanotubes. AgI partially 
decomposes yielding metallic Ag nanoparticles under visible light illumination. Plasmonic 
Ag nanoparticles are active for the photocatalytic oxidation of benzyl amine in a wide visible 
range. The resulting catalyst system exhibits high conversion rate, selectivity and stability for 
the selective oxidation of benzylamine to imine. Therefore, AgI supported in this way could 
be a promising photocatalyst for the green synthesis of organics. 
Experimental Section 
Catalyst preparation  
The titanate nanotube supports (TNTs) were prepared by the alkaline hydrothermal treatment 
of anatase powders. Generally, anatase particles (6 g, 325 mesh from Aldrich) was mixed 
with NaOH solution (80 ml, 10M). The obtained suspensions were sonicated in an ultrasonic 
bath for 0.5 h and then transferred into an autoclave with a PTFE container inside. The 
autoclave was maintained at hydrothermal temperature of 150 ◦C for 48 h. The precipitate 
was recovered, washed with distilled water (to remove excess NaOH). Supported Ag2O 
photocatalyst were prepared by the reaction between AgNO3 and titanate nanotubes. In a 
typical reaction, titanate nanotube (3 g) was mixed with AgNO3 (200 ml 0.1 M) and shaken at 
room temperature for 24 h to fully proceed ion exchange process. Then, the solid catalysts 
were collected via centrifugation and washed with deionized water. The sample was dried in 
air at 333 K for 20 h and the colour of the catalyst turned from yellowish to dark grey 
indicating that the deposition of Ag2O (labeled as Ag2O@TNTs) occurred. To prepare 
supported photocatalysts, Ag2O (supported on TNTs) and were mixed with NaI solution with 
different addition amount. Typically, TNT-Ag2O (50 mg) was dispersed in different 
concentrations of NaI solution (100-1000 ppm, 25 ml). The mixture was shaken at room 
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temperature for 6 h. The colour of the dark grey catalyst turned into light yellow which 
indicated the formation of AgI. The collected TNT-AgI catalyst was dried at 333 K after 
washed thoroughly with deionized water. The samples were labelled as AgI-n (n = 100, 250, 
500, 750 and 1000) 
Characterization  
The transmission electron microscopy (TEM) studies on the samples were carried out on a 
JOUL 1010 operating at 100 kV. X-ray diffraction (XRD) patterns of the samples were 
recorded on a Philips PANalytical X’Pert PRO diffractometer using Cu Kα radiation (λ = 
1.5418 Å) operating at 40 kV and 40 mA with a fixed slit. Infrared spectra were obtained 
using a Nicolet Nexus 870 FTIR spectrometer with a smart endurance single bounce diamond 
ATR cell. Spectra over the 4000 to 525 cm-1 range were obtained by the co-addition of 64 
scans with a resolution of 4 cm-1. Nitrogen sorption isotherms were measured by the 
volumetric method on an automatic adsorption instrument (Micromeritics, Tristar 3000) at 
liquid nitrogen temperature (77 K). Specific surface area was calculated by the Brunauer-
Emmett-Teller (BET) method from the data in a P/P0 range between 0.05 and 0.2. Energy 
dispersive X-ray spectra (EDX) for the elements analysis were performed on an EDX 
analyser attached to a SEM (FEI Quanta 200 microscope). X-ray Photoelectron Spectroscopy 
(XPS) were performed on a Phi-Spectrometer with Al Kα as the X-ray source. The C 1s peak 
at 284.5 eV was used as a reference for the calibration of the binding energy (BE) scale. To 
investigate the light absorption and emission behavior of the samples, the UV-Vis diffuse 
reflectance (UV-Vis-DR) spectra of the samples were measured on a Varian Cary 5000 
spectrometer.  
Selective oxidization of benzylamine 
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Typically, the photocatalytic reactions were carried out at 40 °C in an oxygen atmosphere for 
24 h. A reaction system consisted of catalyst (50 mg), and benzylamine (0.5 mmol) in 
acetonitrile (10 ml). The incident light source is a 500 W halogen lamp. The liquid products 
were analyzed using an Agilent HP-6890 GC with HP-5 column.  
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Figure S1. (A) XRD patterns, (B) TEM images, and (C) photographs of AgI@TNTs 
photocatalysts and the precursor titanate and Ag2O@TNTs (a) Titanate nanotubes (TNTs); (b) 
Ag2O@TNTs; (c) AgI-100, (d) AgI-250, (e) AgI-500, (f) AgI-750, (g) AgI-1000].  
Chapter 3. Visible-Light-Induced Selective Photocatalytic Oxidation of Benzylamine to 
Imine over Supported Ag2O and AgI Photocatalysts 
 
P a g e | 74  
 
 
Figure S2. TEM images of (a) Ag2O@TNTs; (b) AgI-100, (c) AgI-250, (d) AgI-500, (e) 
AgI-750, and (f) AgI-1000.  
 
Figure S4. XPS spectra of supported AgI samples. 
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Figure S4. UV-Vis diffuse reflectance spectra of TNTs and benzylamine adsorbed on the 
surface of TNTs. 
 
Figure S5. Time involved photocatalytic conversion and selectivity (to imine) of 
benzylamine on AgI-500. Apparent first-order rate constant (h
-1
) was evaluated from the 
slope of the plot of ln(C/C0)=-kapp•t.  
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Figure S6. UV-Vis spectra of AgI-500 after different reaction cycles. 
 
Figure S7. Performance of AgI-500 for the selective oxidation of benzylamine under visible 
light at different temperatures. 
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Figure S8. Cut-off threshold wavelength influences on the selective oxidation of 
benzylamine at 40 °C using pure AgI. 
 
Figure S9. The output spectra of incandescent lights used for the reaction: 500 W halogen 
lamp. 
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Table S1. The influence of substituents on benzene ring on the reaction rate and selectivity. 
Reactant Conv. (%)  Sel. (%) 
   
  
89.98 97 
 
83.79 >99 
 
70.35 >99 
 
35.98 54 
 
Table S2. The reusability of the AgI catalyst. 
 Conversion  Selectivity 
Cycle1 78.50% 100.00% 
Cycle2 82.55% 100.00% 
Cycle3 81.71% 98.30% 
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Chapter 4 
Conclusions and Future Work 
The major results of the overall research in this thesis and proposed future work are 
summarized as below: 
 The gold (Au)-palladium (Pd) alloy nanoparticles (NPs) catalyst shows a favourable activity 
and high selectivity on benzylamine oxidation reaction under light irradiation and moderate 
temperature. This catalyst can also significantly enhance the reaction rate of the imine 
formation from benzylamine at ambient temperatures under light irradiation. The gold LSPR 
effect in Au-Pd alloy NPs helps to absorb light energy and generates energetic conduction 
electrons at the surface of Pd sites to which the reactant molecules have an affinity. Charge 
heterogeneity of the alloy NP surface, which is greater than that of both AuNP or PdNP 
surfaces is generated and leads to a stronger interaction between the alloy NPs and reactant 
molecules. Moreover, the Au:Pd molar ratio of catalysts has an important influence on charge 
heterogeneity and can alter catalytic performance of the alloy NPs. 
The properties of this novel photocatalyst can be used to facilitate more reactions that can not 
react efficiently by single gold or palladium catalysts, such as alcohol oxidation and 
esterification reactions. Furthermore, the reaction conditions require only room temperature 
and atmospheric pressure which make it suitable for some chemical reactions that are 
sensitive to high temperature or pressure. The moderate reaction conditions and the affinity to 
the organic and biomolecule is appropriate for biochemical reaction. Moreover, the solid NPs 
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are easy to recover which means it can be used in continuous reactions and replace the ionic 
catalyst in  reactions such as Suzuki cross coupling, Hiyama coupling and Heck reaction. 
AgI nanoparticles have been loaded on titanate nanotubes and partially decompose from AgI 
to metallic Ag at an early stage under visible light illumination. The AgI, metallic Ag and 
TiO2 support formed a self-stabilise system and have the capability of facilitating reactions 
continuously. This TiO2 support AgI catalyst exhibits high conversion rate, selectivity and 
stability for the selective oxidation of benzylamine to imine. It is difficult to find new 
reactions that can be catalysed by AgI. However, AgI catalysts show a great prospect for 
water treatment such as degradation of dyes and bacteria (Escherichia coli) destruction. 
In the future works, multiple transition metals can be used to make alloy catalysts for their 
unique catalytic activity such as platinum (Pt), ruthenium (Ru), rhodium (Rh) and so on. 
Furthermore, other different SPR metal , silver (Ag) and copper (Cu) for example, can be 
applied to vary the property of the alloys. Additionally, the AgCl and AgBr catalysts can 
derive from the AgI catalysts. These two new catalysts may have better activity since there 
are more sensitive to light irradiation. More reaction can be try to be facilitated by the 
catalysts mentioned before, especially the one cannot proceed in ambient conditions or the 
one have great value. 
